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SUMMARY
The useju-htemof the knock ratings of pwre hydrocarbon
COmpOUnd$W& be inoTtxz.9t?dij 8oIn4 T81!iabk3method Of
caknda.tingthe knock ratings oj jwel blends was known: The
purpose Oj this Study W(W3to inve3@@.e the p088ib?2i@ Oj
developing a nwth.odoj predicting t.lu knock rating8 oj juel
blena%.
Two blending equutions have been derivedjrom an analysis
baaedon certain a-ssumptti relativeto the cauae oj jd knock.
One oj theee quatti muy be wed jor caldating the knock
limit oj jwl blends when lest-xl in a superchargedtext engine.
Thti @ion indicutes thd the reciprocal oj the knock-
Limitedinlet-ati derwi.tyoj a jwel eguula h weighted average
oj the reciprode oj the Icnock-limiiedinlet-air dm”tti oj the
~re component-a The same I?4VWapplia When i?ldiu.u%d
mean effectwe pressure h used in place of ink%-air density.
l%e second blendirq equution may be med jor cdxJat@
&knock limit’ojjuel blendswhentated b-ymiti.c&eompremion-
ratio methods. The equation rti tlw blending charaeter-
iatimojjuel.e to h krwckJimti oj thepurejub and to bi+nding
coiwtunisthat appear in the equation.
The hmit.ed amount oj 8Xp&m& duta available 8eenM
to be in agreementwith the theory except in the we of benzene.
Altlwwghthe blendingeguutiom do not apply to allfue-k and the
ezperinwnid data are not emknwiveenough to delineate the
limii%of applicability, it ti believedthat tlw aru.dyti present-d
wdl be of aasidmwe in understanding th# rehztiim that exist
betweenthe knock-testing of pure and of blendedju.ak.
INTRODUCI’ION
The knock ratings of a large number of pure hydrocarbon
compounds hnve been determined and checked by several
hvestigators. The value of these determinations has been
limited by the fact that all practicable fuels used in spark-
ignition enginea consist of blends of many ‘hydrocarbons,
and the knock limit of fuel blends could not, in genemd, be
calculated from lmowledge of the knock hrnits of the pure
components. This fact was illustrated by Lovell and
Campbell (reference 1) when they showed that the various
hydrocarbons do not exhibit the same blending relationships.
The recent work reported in reference 2 likewise clearly
illustrates that the blending characteristic of fuel blends
depend upon the nature of the components.
Eastman (reference 3) has proposed an empirical formula
for determining the knock ratings of fuel blends horn the
ratings of the pure components. The principal objection to
FUEL BLENDS
this method is that it is highly empirical and does not give
a clear picture of blending problems.
The purpose of the present study is to invwtigate the
possibility of developing a method of predicting the knock
limits of fuel blends tested either by the supercharged-engine
method or by the criticakompres.sion-ratio method. In
this paper, fuel-blend tests by the critical-compression-ratio
method rather than by the supercharged-engine method are
emphasized because more complete data are available for
them and a more involved analysis is required.
REVIEW’ OF KNOCK-TESTING
It is necessary to have the principles of knock-testing
clmrly in mind in order to understand the present paper.
A very brief review of these fundamentals is given here.
Engine lmock tests fall within two classes: critical-com-
pression-ratio tests and supercharged-engine tests. In the
critical-compression-ratio tests the fuel-air ratio, the inlet-
air pressure, and the inlet-air temperature are held constant
and the compression ratio is raised until standard knock
‘intensity is observed. The compression ratio at standard
knock intensity is the mensure of the lmock limit of the fuel.
In the supercharged-engine knock tests, the irdet+air
temperature and the compremion ratio are held constant
and the inlet+airpreemre is.increased until standard knock
intensity is observed. The indicated mean effective pres- \
sure or the density of air in the cylinder charge may be used
as a measure of- the lmock limit of the fuel being tested.
Changea of inlet-air preesure do not affect any of the
cyclic temperatures; an increaae of the compression ratio,
however, increasea the temperature at the end of compres-
sion, the combustion temperature, and the end-gas tem-
perature. The fundamental difference, therefore, between
test methods employing the critical compression ratio and
those in which the supercharged engine is involved is that
the critical-compression-ratio tests measure the knock limits
of fuels at varying end-gas temperatures whereas the super-
chaxged-engine tests measure the bock limits of all fuels at
the same end-gas temperature. (See reference 4.)
BLENDING EQUATIONS
Some assumptions regarding the mechanism of knock
have been made to provide a basis for deriving blending
equations. In the following assumptions and derivations it
was assumed that the blends and the components of the
blends were tested at the stoichiometric fuel-air ratio. It
is understood, of course, that all fuek ~d blends are tested
under the same engine conditions.
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ASSUMPTIONS
1. Knock is the result of the reaction of some intermediate
products or.agents during combustion The nature of these
products and the reaction between them are the same re-
gardks of the fuel used.’
2. At any enil-gas temperature, hock occurs when the
mass of the knock-producing agents per unit volume reachea
a given Pahic. .
3. At any one end-gas temperattie and for ‘any on-e‘fuel
component,’ the masaper unit vohgne of the knock-producing
agent evolved by that component is directly proporticmal
to the mass of the component per unit yolume.. .,
4. At any one end-gas t&mperat~e, the mass per unit
volume of the knock-producing agents is a function if the
molecular structure of the fuel.
5. The increase in temperature during “combustion of all
fuels or fuel blends under consideration is the same. ,
DISCUSSION OF ASSUBHONS
Assumption 1 is introduced in order that the lmocking
properties of fuels maybe treated as additive properties.
Assumption 2 states the conditions tider which knock is
assumed to occur. ‘
Assumption 3 is introduced in order that the effect of
blending on the generation of the knock-producing agent
may be evaluated. The assumption statea in effect that a
unit rnaeaof a particular component will generate a certain
mass of bock-producing agent regardless of the other com-
ponents in the blend.
Assumption 4 permits consideration of the differences of
knock limits of the fuel components.
Assumption 5 is introduced in order that the knock limit
of fuels may be related to engimwompression density and
temperature instead of end-gas density and temperature,
thereby simplifying the analysis. Many hydrocarbon fuels
of current interest fulfill this condition, but some claeaesof
fuek, notably alcohols and ethers, do not. .
DEEIVA~ONS
If M is th~ mass per unit volume of the knock-producing
agent at the condition of incipient knock, then, because of
assumptions 1 and-2, the following equation may be written:
iw=pl+~+*+ .. . . (1)
where
Pl)P2)Ps, . . . mass per unit volume of we knock agent pro-
duced by each component under conditions
. at which the blend will knock
It was explained in the section Review of Knock Testing
that the end-gas temperatures are constant for supercharged-
engine tests but vary with the critical compression ratio of
the fuel for criticahompression-ratio tests.
From assumptions 3 and 4, the following relations hold for
supercharged-engine knock testxx
p3=k3DN”
where
PI,I@ la mass of knock age.qt produced per unit volume
by components 1, 2, 3, respectively
N;, Nz, 2$/8maw fractious of “components 1, 2, 3, reapoctive-
. ly, iri the fuel bleud -
. .
D., total maxi of fuel per unit vol&e
.J
. .
.kl,.kz; k3 >‘,qum”tity of knock-producing tigentgenerated pm
unit mass b’y components 1, 2, 3, respoctivcdy. .
?@en t)i~-pure compound. 1 is ‘kstecl; the kuock-limited
density of fuel in the charge is D, and
-.
Therefore
M=p,=klD1
k,=~
(q
and
M. ‘
PI=~DN1 .
Similarly
M
P2-,@Mz2
end
Substitute these values of R, p2,~, . . . in equation (1).
M=gDN1+&N2+gDN3+ . . .
and
h=~+g+g+ . . .3 (3)
Equation (3) is the blending equation applicable to knock
tests with supercharged engines as limited by the original
assumptions. The lmock-lhnited inlet-air densities may be
used instead of the fuel densities for values of D, Dl, Dg, D3,
because the compression ratio and the fuel-air ratio
tie .&e same in all cases. The relation given in equation (3)
may be expressed in words as follows: The reciprocal of the
knock-limited inlehair density of a fuel blend tested by a
supercharged-engine method is the weighted average of the
reciprocals of the knock-limited irdet-air densities of the
pure components.
The same law applim wh& the indicated menn effective
pressure is used in place of the inlet-air density because they
are proportional under the conditions of supercharged-engine
knock tests. The following equation is applicable to these
tests:
1 N,+ N2+ N,+
~== mm . “ “ (3b)
where
imep knock-limited indicated mean effective
pressure of the fuel blend ‘
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(imep)l, (imep)~, knock-limited indicated mean effective
(imep), preseureaof components 1, 2, 3, respec-
tively, when tested individually
,.
Nl, Nz, i% mass fractions of components 1, 2, 3, re-
spectively, in the fuel blend
In the case of critical-compression-ratio knock tests, the
inlet-air density is held constant and the compression ratio
is changed. The charge density at the end of compression
is therefore proportional to the eompremion ratio. . An equa-
tion similar to equation (2) may-be used for relating ~ to
the compression ratio instead of to the mass of fuel per unit -
volume. The value of kl, however, vmiea with the compres-
sion ratio because the comprwsion temperature varies with
the compression ratio. In order to account for the variation
of kl with the compression ratio, the following relation be-
tween p, and compremion ratio R is assumed:
fi= (A1+-W)N1 . (4)
where
Al, B1 constants characteristic of fuel 1 and the engine oper-
ating conditions
similarly
M= (A2+B2R)N2
and
Pa= (A3+woN3
where
AZ)B,, A3, B~ constants characteristic of fuels 2 and 3, re-
spectively, and the engine operating con-
ditions
Substitute these values in equation (l).
M= N,(AI+B,R) +N2(A2+B2R)+N44 +B3R) +. . . (5)
The value of Al may be determined by letting Nl= 1, IV*=O,
N3=0, and R=RI when RI is the critical compression ratio
of fuel 1 when teated individually.
. M=A,+B,R,
A1=M–BIR1
L&eWise
A,=M–BJ&
and
A3=M–B3R3
Substitute these values in equation
equation is obtained:
(6). The following
R=N@@I+N&&+N&&+ . . .
~l&+~2B2+N&3+ . . .
(6)
Equation (6) is the blending equation applicable to
critical-compression-ratio knock test+
The quantitiw Bl, Bz, B3, . . . are named blending con-
stants. Each fuel has a blending cxmstant, the value of
which is independent of the othr fuels in the blend and is
determined by the critical compression ratio of the fuel and
the rata of change of knock limit with inlekair temperature.
In the case of two-component blends, N2= 1–N1 and
equation (6) becomes:
(7)
which is the equation of an equilateral hyperbola asymptotic
to
and
where
N. the value of N, at the asymptote
R= the value of R at the asympti~
The asymptotic form of equation (7) is
(R-EJ (Na–NJ=NJR.rRJ (8)
h equations (6) and (7) the absolute values of the cxm-
stnnts are not required, but the relative values must be
known. If one compound is assigned an arbitrary value of
the constant, the valuea of the constants for all other com-
pounds axe tied. The value of B for other compounds may
be found by determining the critical compression ratio of
the pure compound and of one blend of the compound with
another compound whose blending constant is known.
These values may be used in the blending equation and the
equation solved for the value of the unknown blending
constant. ,When the relative values of B for all timpounds
have been determined, the knock limits of all blends nmy
be computed from the blending equation.
GRAPHICAL SOLUTION
A chart may be cmstructed suitable for graphical deter-
mination of the blending characteristics of fuels when tested
by a critical-compression-ratio method. Equation (7) may
be put into the following form:
F=RG (9)
where
F= N,(BIR,-BJ&) +B&
(7= NI(BI-BJ +B,=N,BI+ (1–N,)B2
If R is held constant, F is proportional to Q. In figure 1,
the value of F has been plotted against the value of Q for
values of R between 2 and 15. The abseiasa Q is actually
the weighted average value of B, and B2 (see equation (9))
for the mixture, and the abscissa has therefore been marked
Q or B. The positions of all compounds whose critical com-
pression ratios and blendrng constants are known may be
plotted on the chart.
All points representing blends of two mmponents will lie
on a straight line joining the two components because F and
U are linear functions of NI and, consequently, F is a linear
function of Q. Furthermore, a point representing any blend
of the two components will divide the line in tlw same ratio
as that in which the components exist in the blend. A mix-
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ture composed of 60-percent isooctane and 40-percent
n-heptane, for example, will be on the straight line joining
the two components and the point will be 60 percent of the
distance from n-heptane to isooctane. The basis for the pro-
portional ditilon cornea from the fact that @ (or B) is a
linear function of iVland that the blending equation is linear.
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Fmum L-Enock-lbrdt chart for fuel bkmds. (A. S. T. M. CWtor) Method data.)F-RB,’
R-criticalmmpmssfonratfo; B-bladlng mnstanti F=constak
EXPERIMENTAL DATA
Experimental veri&ation of the superoharged-engine
blending equation (equation (3)) is taken horn the work of
Heron and Beatty reported in reference 5. Reference 5
shows that, if the reciprocal of the knock-limited indicated
mean effective preasurea of blends of referenca fuels are
plotted against the octane numbers of the blends, the data
will fall on a straight line. Figure 2 illustrates this relation-
ship. The fact that the data fall on a stight line confhns
equation (3).
Tests on a supercharged CJ?R test engine were run at the
Aircraft Engine Researoh Laboratory of the National
Advisory Committee for Aeronautics for the purpose of
testing the blending equation, Figure 3, whioh is simik to
iigure2, isacrosa plot fr0mfuUmixtum- response curves on
various blends of S-2 and M–3 reference fuels. The figure
shows that the data at rich and lean mixtures follow the
reciprocal law.
Ocfonenunbcr
(Percentagei.oocfaneinblends wih n -hcptane)
FIGURE2-snmrch9r@ kntmkmtfngs of blends of ~e ond n-boptane, 17.13ongfno.
(Data horn I&. 6 of rofemnca&)
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Data for verifying the hyperbolic blending relationship of
n-heptrme and isooctane when tested by critical-compression-
ratio methods are taken from references 2 and 6. Reference
2 shows that the critical’ compression ratios of blends of
iaooctane and n-heptome, when tested by the A. S. T. M.
(Motor) Method, fit the following equation:
where
N percentage of isooctane ~ blend.
H height of compression chamber, inch-a
The value of N was given on a volumetric basis but,
because the densities of the components me practically
equal, N may be used aa the mass fraction.
The length of the engine stroke was 4.5 inches, and there-
fore the relation between compression ratio R and H is
R_4.5#1
If H is eliminated from this equation and from the pie-
ceding equation, the following equation is obtained:
(R–3.3) (125–N)=123
This equation is that of an equilateral hyberbola asymp-
totic to R=3.3 and N= 125. The relation between octane
number and critical compression ratio is shown in figure 4.
The curve was drawn from the preceding equation and the
data points were taken from reference 2. The data from
figure 4 are replotted in figure 5 with octane number as the
abscissa and the reciprocal of R—3.3 as the ordinate. The
fact that the data fall on a straight line is confirmation of the
hyperbolic blending relationship. Knock-test data on iso-
octrme and n-heptane as reported in reference 6 are given
in figure 6. Tho data were obtained by the CFR @xearch)
Metliod. The reciprccnl of R–4.2 is plotted against the
octane number. The data fell on a straight line, the iutar-
FmoRE 4,—BIendlng chm@afMcs of 2A44rbnetbYlpentana end n-heptemejA. S. T. M.
(Motor) ?.fetbod. (Data mfooleted from mfamnm2)
npts of which are 120 and 1.53. The data, therefore, fit
;he following equation:
(R–4.2) (120–N)=78.3
The asymptotes to the hyperbola representing the preced-
ing equation are 4.2 and 120 as compared with 3.3 and 125
>btained from the A. S. T. M. (Motcr) Method tests. It is
xmcluded that the asymptote of the blending hyperbola
~hangewith changing engine conditions.
f.o
\
\
R- crificaI Cmps sion ratio
.8
>
.0
I
-; \
%
.4 \
\
.2 ,
0 20 40 60 . 80 100
Ocfme nwnbsr
Fmwss&-B1endlrigcbmctddm of f4%4-@fmt@l~ md n-hep@rm. @oplot Of
datatnagare4.)
1.2
R-w Ifica*‘Cm p-esskm rOhb
\ .
/.0
.8
\
r
--f
% J
.6
,
.4
\
.2
\
Om
60 80 100 12W
Oci?.menumber .
Fmurm 6.—CrfticakempEssIm+atfo dato for lsmdone ond n-heptnne mixtnrm by the
CFE (RtswrciI)Method. (Datodudetwl fromreferenceU
122 REPORT NO. 76 &NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
Figure 7, plotted from data in reference 2, shows that the
following blends also have hyperbolic blending eharacter-
“Btica:
n-heptane an-d2,3-diniethylbuhe
n-pentane and n-octane
n-heptane and 2,4-hexadiene
2)2,4Arirnethylpentane and cyclohexane
n-heptane and cyclohexane
The following blends do not follow the hyperbolic rela-
tionship:
n-heptane and diisobutylene
n-heptane and benzene
n-heptane and toluene
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The blending characteristic of these three families of blends
are shown in figure 8. The data were calculated from refer-
ence 2. The data for n-heptane and diisobutylene are irreg-
lar, and it is possible that there is a break in the blending
characteristics of the compounds.
The blending characteristic of benzene and n-heptie
between Oand 90 p~cent of benzene in the b@ls is hyper-
bolic. The rating of pure benzene does not fit the hyperbolic
relation.
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The invariance of the blending constant B may be tested if
the blending relationships among three compounds me
lmown. The-method is explained by an example: The knock
rating of pure cyclohexane is 77 and the knock rating of a
blend of 50-percent cyclohexane and 50-percent n-heptane is
51. From these data, the value of B for cyclohexane waa
calculated. The lmock rating of a blend of 60-percent cyclo-
hexane and 50-percent isooctane was calculated and found to
be 84.6, which is a good agreement with the experimental
value of 84. This fact shows that the value of B waa the
wune for cyclohexane in blends with n-heptane or ieooctaxm,
The ratings of 50-pereent blends of isooctane with the
compounds listed in the following table have been calculated
from the ratings of the pure compounds and of the H1-percmt
blends with n-heptane. The calculated ratings and exper-
imental ratings are listed.
Ootanenr&&o&f&&&I blend
OotanrJnum-
Hydrfxartmn
br&fP
Odmdrlted Ex@montd 1
2-methylbntane____________
‘!&%&Ytiys<G:z::-::z:I fl
M m
n
%
@o------------------------ 77 .% a
IData frmn rdermmaS.
The average deviation of the calculated valuea from the
obsetied valuea is 0.5. This close agreement between crLl-
culated and experimental valuea shows that B is invariant
for the four cases. This conclusion may not hold for tests
at other engine conditions.
.. .
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Tho compounds listed in the preceding table axe shown in
figure 1. k addition to these-compou&ki, benzene (refer-
ence 2), cyclopcntane (reference 6), and n-propylbenzene
(reference 6) are shoh. Reference 7 gives the ~blending
octane number b~ed upon 20 percent of the compound in
a 60-40 mixture of ieooctane and n-heptane. The values of
the blendiug constant for cyclopentane and n-propylban%ne
~ero” enIcuIated from this blending octane niunber.
DISCUSSION
Limitations.-The following limitatio~ must be observed
in the use of the blending equations:
1. The blending formula does not apply to fuels with
hinting values that differ greatly from the heating value of
the commonly used hydrocarbon fuels. (SeGassumption 2.)
2. All fuels rmd blends muet be tested at the stoichio-
metric fuel-air ratio. Test data indicate that the blending
equation may be valid when all fuels and blends are tested
with the same percentage of excess fuel.
3. The blending formula does not apply to leaded or
otherwise doped fuels unless the concentration of antiknock
dope is the same in all components. This restriction is
ncccasary because of assumption 3.
4. Certain fuels may not show continuous variation of
knock limit with temperature. For some of the blends with
such fuels, the blending equation is invalid.
Blends of gasolines.-Use of the blending equations is not
restricted to pure compounds. Mixtures. such as gasoline
may be used in the blending equations in the identical man-
ner in which pure compounds are used. The rating of the
mixture may be found as well as the value of the blending
constant for the mixture.
Justifloation of assumptions.-The close agreement be-
tween calculated knock ratin~ of fuel blends and experi-
mental knock ratings does not necessarily prove the correc&
ness of the assumptions. The assumptions are, however,
compatible with the data presented in tti report.
In the derivation of the blending equation for criticsJ-
compression-ratio tests, the production of knocking agent by
fuels was assumed to be in accordance with equation (4).
This particular form of equation was assumed because a
simple blending equation could be derived from it. The
rustication for equation (4) lies in the accuracy of the
results obtained from the blending equation derivable there-
from.
Application to leaded fuels.—The blending equation can-
not be applied directly to leaded fuels except in special cases.
Data reported in reference 5 show that the blending equation
is valid for blends of isooctane plus 4 ml of tetraethyl lead per
gallon and for n-heptane plus 4 ml of tetraethyl lead per
gallon. Although isooctane and n-heptane show the same
percentage increase in knock-limited power with this addi-
tion, some fuels do not. Blends with such compounds may
not be in accord with the blending equation.
Wpressioris of blend composition.-The blending equa-
tions have been derived assuming that the fuel composition
is expressed on a weight basis. The blending equations (3)
and (6) are equally valid when the blend compositions are
expressed on a volume basis provided that the volume of the
blend equals the sum of the volumes of the pure components
and that the densities of the components are approximately
equal.
AmCRAFT ENGINE RESEARCH IJABORATORY,
NATIONAL ADVISOBY COmTrEB FOR AERONA~CS,
CLEVELAND, OHIO, Awust 1,19.4$.
REFERENCES
1. Love~ Wheeler G., and Campbell, John M.: Knocking Character-
istics and Moleoular Structureof Hydrocarbons The Science of
Petroleum. Vol. IV. Univ. Press (OfiOrd), 1938, pp. 3004-3023.
2. S“mittenberg, J., Hoog, H., Moerbeelq B. H., and v. d. Zijden, M. J.:
Octane Ratings of a Number of Pure Hydrocarbons and Some of
Their Binary Mixtures. Jour. Inst. Petroleuq vol. 26, no. 200,
June 1940, pp. 2!34=300.
3. Edmmn, DuBois: Prediction of Octane Numbers and Lead SU5
ceptibilitiec of Gaeoline Blende. Ind. and Eng. Chem., vol. 33,
no. 12, Dee. 2, 1941, pp. 155S-1560.
4 Rothroclq A. lM.: Fuel Rating-Its Relation to Engine Perform-
ance. SAE Jour., VOL48, no. 2, Feb. 1941, pp. 51-65.
5. Heron, S. D., and Beatty, Harold A.: Airoraft Fuels. Jour. Aero.
SeL, vol. 5, no. 12, Oot. 1938, pp. 463479.
6. Brooks, Donald B.: Effect of Altitude on Knook Rating in CFR
Enginee. Rec. Paper 1475, Nat. Bur. of Standards Jour. Res.,
vol. 2S, no. 6, June 1942, pp. 713-734.
7. Dew, M. P.: Physical Constants of-the Principal Hydroearbona.
The Texaa Co., 3d cd., 1042.
